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ABSTRACT 

m I h e  gzometriczl t h e o r y  g o v e r n i n g  d i r e c t  a s c e n t  t r a -  
j e c t o r i e s  ( n o  e a r t h  p a r k i n g  o r b i t )  i s  deve loped  and a n a l y t i c  
c o m p u t a t i o n s  are  made r e l a t i n g  l a u n c h  a z i m u t h ,  l a u n c h  t ime  
and  d a t e ,  and  t h e  d e c l i n a t i o n  o f  t h e  moon. The r e s u l t s  o f  
i n t e g r a t e d  d i r e c t  a s c e n t  t r a j e c t o r i e s  are  t h e n  d e s c r i b e d .  
These  p r c v i d e  more a c c u r a t e  r e s u l t s  t h a n  t h e  a n a l y t i c a l  com- 
p u t a t i o n s ,  and i n  a d d i t i o n ,  g i v e  q u a n t i t a t i v e  i n f o r m a t i o n  abou t  
t h e  r e l a t i o n  betwe-en pay load ,  l a u n c h  d a t e ,  and  l a u n c h  window. 

The d i r e c t  i n j e c t i o n  p a y l o a d  c a p a b i l i t y  i s  shown t o  
depend s t r o n g l y  on t h e  r e q u i r e d  i e n g t h s  o f  t h e  l a u n c h  window 
and upon t h e  l u n a r  d e c l i n a t i o n  ( l a u n c h  d a t e ) .  Us ing  the  e a r t n  
p a r k i n g  o r b i t  mode as a r e f e r e n c e ,  t h e  u s e  o f  a d i r e c t  i n j e c -  
t i o n  p r o f i l e  r e s u l t s  i n  pay load  i n c r e a s e s  up t o  7200  pounds .  
A r e q u i r e m e n t  for a one-hour l a u n c h  window for 7 days  p e r  month 
r e d u c e s  t h e  a d v a n t a g e  t o  5100 pounds.  
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T E C H N I C A L  MEMORANDUM 

I .  I N T R O D U C T I O N  AND SUMMARY 

P r e s e n t  p l a n s  f o r  t h e  Apol lo  t r a j e c t o r y  c a l l  for 
l a u n c h i n g  t h e  s p a c e c r a f t  i n t o  an  e a r t h  p a r k i n g  o r b i t  h a v i n g  
an a l t i t u d e  o f  a p p r o x i m a t e l y  1 0 0  n .  m i .  A f t e r  two or t h r e e  
r e v o l u t i o n s  i n  o r b i t ,  t h e  S-IVS s t a g e  i s  t o  b e  r e i g n i t e d ,  and 
t h e  v e h i c l e  t h e n  d e v e l o p s  enough ene rgy  t o  c a r r y  i t  to t h e  
moon. 

There  a r e  some advan tages  i n  e l i m i n a t i n g  t h e  p a r k i n g  
o r b i t  and a l l o w i n g  t h e  S-IVB s t a g e  to b u r n  c o n t i n u o u s l y  u n t i l  
t h e  r e q u l r e d  e n e r g y  i s  a t t a i n e d .  Among t h e  p r imary  a d v a n t a g e s  
a r e  t h a t  p a y l o a d  i s  i n c r e a s e d  d u r i n g  c e r t a i n  p o r t i o n s  o f  t h e  
l u n a r  c y c l e  and t h a t  no S-IVB r e s t a r t  i s  r e q u i r e d .  ( S e e  
R e f e r e n c e s  1 and 2 ) .  

The g e o m e t r i c a l  f a c t o r s  l i n k i n g  d i r e c t  i n j e c t i o n  t r a -  
j e c t o r i e s  w i t h  l a u n c h  date  and l a u n c h  window a r e  q u i t e  d i f f e r e n t  
f rom t h o s e  o f  t h e  e a r t h  p a r k i n g  o r b i t  mode. For e a c h  l a u n c h  
d a t e ,  an  optimum l a u n c h  azimuth e x i s t s  which i s  n o t  n o r m a l l y  
e q u a l  t o  90 d e g r e e s .  D e v i a t i o n s  from t h i s  optimum are  r e q u i r e d  
t o  d e v e l o p  a l a u n c h  window, and a p a y l o a d  p e n a l t y  r e s u l t s  which 
i n c r e a s e s  as t h e  l a u n c h  window i s  widened.  I n  a d d i t i o n ,  t h e r e  
a r e  a l i m i t e d  number o f  days  d u r i n g  t h e  month when a d i r e c t  
l a u n c h  i s  a d v a n t a g e o u s ,  and when u s e d ,  d i r e c t  i n j e c t i o n  p r o v i d e s  
o n l y  one d a i l y  l a u n c h  window i n s t e a d  o f  two.  

I n  t h i s  memorandum, t h e  c h a r a c t e r i s t i c s  o f  t h e s e  
d i r e c t  a s c e n t  t r a j e c t o r i e s  a r e  f i r s t  examined u s i n g  s i m p l e  geo- 
m e t r i c a l  c o n c e p t s .  It i s  shown t h a t  t h e  optimum l a u n c h  az imuth  
h a s  a minimum v a l u e  when t h e  moon i s  a t  s o u t h e r n  l u n s t i c e ,  and 
i n c r e a s e s  as t h e  moon's d e c l i n a t i o n  becomes more p o s i t i v e .  
The u p p e r  r a n g e - s a f e t y  l i m i t  o f  1 0 8  d e g r e e s  f o r  t h e  l a u n c h  
a z i m u t h  c o n s l d e r a b l y  r e s t r i c t s  t h e  number of  l a u n c h  windows 
p e r  month.  

To supplement  t h e  approx ima te  a n a l y s i s ,  i n t e g r a t e d  
t r a j e c t o r i e s  were g e n e r a t e d  u s i n g  t h e  Bellcomm Apol lo  S i m u l a t i o n  
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Program (BCMASP) u s i n g  t h e  we igh t  and p r o p u l s i o n  c h a r a c t e r i s t i c s  
o f  t h e  AS-503 v e h i c l e . *  Both t h e  s t a n d a r d  Apo l lo  t r a j e c t o r y  

were s i m u l a t e d  t h r o u g h  t r a n s l u n a r  i n j e c t i o n .  The r e s u l t s  show 
t h a t  w i t h  a one-hour  l a u n c h  window t h e  d i r e c t  a s c e n t  t r a j e c t o r y  
w i l l  i n j e c t  a p a y l o a d  i n t o  a t r a n s l u n a r  o r b i t  a p p r o x i m a t e l y  
5100 pounds g r e a t e r  t h a n  t h e  s t a n d a r d  e a r t h  p a r k i n g  o r b i t  t r a -  
j e c t o r y  f o r  s e v e n  d a y s  p e r  l u n a r  month.** I f  t h e  d u r a t i o n  o f  t h e  
l a u n c h  window i s  r e d u c e d  t o  a small v a l u e  ( 5  m i n u t e s  o r  l e s s ) ,  
t h e  i n c r e a s e  w i l l  a p p r o a c h  7 2 0 0  pounds f o r  two d a y s  p e r  month.  
F o r  compar i son ,  n o t e  t h a t  t h e  s t a n d a r d  e a r t h  p a r k i n g  o r b i t  t r a -  
j e c t o r y  h a s  two l a u n c h  o p p o r t u n i t i e s  p e r  d a y ,  each a p p r o x i m a t e l y  
f o u r  h o u r s  l o n g .  

h a v i n g  a n  e a r t h  p a r k i n g  o r b i t  and t h e  d i r e c t  a s c e n t  t r a j e c t o r y  ~ 

The BCMASP t a r g e t i n g  mode was t h e n  u s e d  t o  g e n e r a t e  
, d i r e c t  a s c e n t  i n t e g r a t e d  f r e e  r e t u r n  t r a j e c t o r i e s  f o r  t e n  l a u n c h  

d a t e s ,  September  5 t h r o u g h  September  1 4 ,  1 9 6 7 .  The optimum 
l a u n c h  t ime  d u r i n g  e a c h  d i r e c t  i n j e c t i o n  l a u n c h  window was u s e d  
f o r  t h e s e  s i m u l a t i o n s .  For s e v e n  o f  t h e  t e n  da t e s ,  t h e  i n j e c t e d  
p a y l o a d  f e l l  be tween 1 0 1 , 3 5 0  and 1 0 1 , 6 5 0  pounds .  The smallest  
p a y l o a d  f o r  t h e  t h r e e  r e m a i n i n g  da t e s  was 9 9 , 7 0 0  pounds .  Over 
a s imi l a r  p e r i o d ,  t h e  pay load  c a p a b i l i t y  u s i n g  t h e  p a r k i n g  o r b i t  
mode i s  abou t  9 4 , 0 0 0  pounds .  

The l a u n c h  window f o r  t h e  September  7 t r a j e c t o r y  was 
t h e n  i n v e s t i g a t e d  by making a d d i t i o n a l  computer  r u n s  a t  non- 
optimum l a u n c h  t imes.  The r e s u l t s  show t h a t  a n  1 , 8 0 0  pound 
p e n a l t y  must  b e  p a i d  f o r  a one-hour  l a u n c h  window. 

11. SIMPLIFIED A N A L Y T I C A L  ANALYSIS 

F i g u r e  i i l l u s t r a t e s  a d i r e c t  a s c e n t  t r a j e c t o r y  w i t h  
t h e  powered p o r t i o n  shown i n  heavy l i n e s .  T h r u s t  i s  a p p l i e d  
c o n t i n u o u s l y  from l a u n c h  t o  S-IVB c u t o f f  e x c e p t  f o r  b r i e f  p e r i o d s  
d u r i n g  s t a g i n g .  Angle ‘11 i s  t h e  t r u e  anomaly of  t h e  S-IVB 
c u t o f f  p o i n t ,  and  ‘12 i s  t h e  t r u e  anomaly o f  RE8 , t h e  p o s i t i o n  
v e c t o r  o f  t h e  moon when t h e  s p a c e c r a f t  a r r i v e s  t h e r e .  ( S e e  
Appendix I f o r  t h e  l i s t  and d e f i n i t i o n  o f  s y m b o l s ) .  The p l a n e  
o f  t h e  o r b i t  i s  d e t e r m i n e d  by RE8 and R E I ,  t h e  p o s i t i o n  v e c t o r  
o f  t h e  l a u n c h  s i t e .  The t o t a l  sweep a n g l e  (SW) between l a u n c h  
and  a r r i v a l  i s  g i v e n  by 

where  PFL i s  t h e  powered f l i g h t  c e n t r a l  a r c .  

* 
A p a y l o a d  compar i son  be tween t h e  d i r e c t  i n j e c t i o n  mode and  

e a r t h  p a r k i n g  o r b i t  mode i s  r e l a t i v e l y  i n d e p e n d e n t  o f  t h e  
A p o l l o / S a t u r n  V c o n f i g u r a t i o n  u s e d  i n  t h e  s i m u l a t i o n .  

** 
F o r  t h i s  s t u d y ,  a l a u n c h  o p p o r t u n i t y  i s  d e t e r m i n e d  o n l y  by  

d i r e c t  i n j e c t i o n  g e o m e t r y .  C o n s t r a i n t s  such  as  t h e  l i g h t i n g  
c o n d i t i o n s  a t  l u n a r  l a n d i n g  w i l l  f u r t h e r  r e d u c e  t h e  number o f  
a v a i l a b l e  l a u n c h  da’ tes .  
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Some a s s u m p t i o n s  about  t h e  magn i tudes  o f  t h e  q u a n t i -  
t i e s  i n  e q .  (1) are  r e q u i r e d  f o r  a s i m p l i f i e d  a n a l y s i s ,  and t h e  
f o l l o w i n g  v a l u e s  a re  chosen  as  t y p i c a l :  

t h e n  SW = 210" 

I f  t h e  above q u a n t i t i e s  may b e  c o n s i d e r e d  optimum, 
d e v i a t i o n s  from t h e s e  v a l u e s  w i l l  r e s u l t  i n  a r e d u c t i o n  i n  pay- 
l o a d .  D e v i a t i o n s  are  made n e c e s s a r y  by t h e  l a u n c h  window r e q u i r e -  
ment and a re  accompl i shed  b y  changes  to t h e  powered f l i g h t  pro-  
f i l e  as d i s c u s s e d  i n  S e c t i o n  I V .  T h i s  r e s t r i c t i o n  on t h e  v a l u e  
o f  SW c o n t r a s t s  w i t h  t h e  e a r t h  p a r k i n g  o r b i t  t r a j e c t o r y ,  where 
SW i s  a f r e e  v a r i a b l e .  

R e f e r r i n g  to F i g u r e  1, R E 1  r e v o l v e s  a b o u t  t h e  e a r t h ' s  
-+ 

s p i n  a x i s ,  making one r e v o l u t i o n  p e r  day .*  R E 8  moves i n  t h e  
l u n a r  o r b i t a l  p l a n e ,  making one r e v o l u t i o n  i n  a p p r o x i m a t e l y  
2 7 . 3 2  d a y s .  A l a u n c h  o p p o r t u n i t y  o f  t h e  optimum t y p e  w i l l  o c c u r  
when t h e  a n g l e  between t h e s e  two v e c t o r s  e q u a l s  a p p r o x i m a t e l y  
T i n o  
L I U  . 

F i g u r e  2 shows a s p h e r i c a l  t r i a n g l e  whose v e r t i c e s  a r e  
-+ -+ 

t h e  s o u t h  p o l e ,  and t h e  i n t e r s e c t i o n  o f  R E 8  and ( - R E i )  w i t h  t h e  
s u r f a c e  of  t h e  e a r t h .  'I'he l a t t e r  v e c t o r  i s  t h e  r e v e r s e d  l a u n c h  
p o s i t i o n  v e c t o r ,  as  i l l u s t r a t e d  i n  F i g u r e  1. Three  p o s i t i o n s  
of  t h e  moon are  shown, c o r r e s p o n d i n g  t o  t h r e e  t imes d u r i n g  t h e  
l u n a r  month.  It can  b e  s e e n  t h a t  AL, t h e  l a u n c h  a z i m u t h ,  w i l l  
b e  minimum when t h e  moon i s  a t  s o u t h e r n  l u n s t i c e  (maximum 
n e g a t i v e  d e c l i n a t i o n ) .  

The r e l a t i o n  between AL, 4 L  ( t h e  l a t i t u d e  of t h e  
l a u n c h  s i t e )  and 6 8  ( t h e  l u n a r  d e c l i n a t i o n )  i s  g i v e n  by 

where SW1 = SW - 180 = 30" f o r  t h e  optimum c a s e .  ( 3 )  

* R e l a t i v e  t o  a n  i n e r t i a l  frame, t h e  e a r t h  makes one revo-  
l u t i o n  i n  2 3  h o u r s  56 .068  m i n u t e s .  However, t h e  a s sumpt ion  o f  
one r e v o l u t i o n  i n  2 4  h o u r s  or 1/4 degree p e r  m i n u t e  i s  a c c u r a t e  
enough f o r  a n  approx ima te  a n a l y s i s .  
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F i g u r e  3 i s  a p l o t  o f  68 and AL a g a i n s t  t h e  day o f  
t h e  month f o r  a maximum l u n a r  d e c l i n a t i o n ,  A m ,  of 28O ( t y p i c a l  
f o r  1967-1969) and  18.3' (1976-1978) .  The i n s t a n t  o f  s o u t h e r n  
l u n s t i c e  i s  u s e d  as a r e f e r e n c e  for c o u n t i n g  t h e  d a y s  o f  t h e  
month.  The c u r v e s  f o r  l u n a r  d e c l i n a t i o n  were c a l c u l a t e d  from 
e q u a t i o n  ( 4 ) ,  which g i v e s  t h e  a p p r o x i m a t e  r e l a t i o n s h i p  be tween 
t h e  d e c l i n a t i o n  o f  t h e  moon, t h e  t i m e  i n  days  from s o u t h e r n  
l u n s t i c e ,  and  t h e  maximum d e c l i n a t i o n .  

where Td = t i m e  from s o u t h e r n  l u n s t i c e ,  days  

PL  = p e r i o d  of o r b i t a l  mo t ion  o f  moon, 27 .32  days  

Af te r  a v a l u e  of 68 was o b t a i n e d  from e q .  (4), i t  
v~as used  i n  e q .  ( 2 )  to c a l c u l a t e  t h e  c o r r e s p o n d i n g  v a l u e  o f  AL,  
a n d  t h e  two u p p e r  c u r v e s  o f  F i g u r e  3 were t h e n  p l o t t e d .  Launch 
windows o c c u r  a t  i n t e r v a l s  somewhat g r e a t e r  t h a n  one day b e c a u s e  
of  t h e  moon's mo t ion  i n  i t s  o r b i t .  The c a l c u l a t i o n  i s  compl i -  
c a t e d  by t h e  f a c t  t h a t  t h e  l u n a r  o r b i t  i s  n o t  i n  t h e  e q u a t o r i a l  
p l a n e ,  b u t ,  f o r  a n  approx ima te  a n a l y s i s ,  i t  i s  s u f f i c i e n t l y  
a c c u r a t e  t o  u s e  

1  AT'^ = 1 + - = 1.04 days  
pL 

(5) 

From F i g u r e  3 ,  i t  can  b e  s e e n  t h a t  c o n s i d e r i n g  t h e  
r a n g e  s a f e t y  r e s t r i c t i o n  and u s i n g  t h e  assumed optimum v a l u e  of 
SW, t h e r e  w i l l  b e  e i g h t  or n i n e  l a u n c h  windows p e r  l u n a r  month 
for t h e  1967-1969 p e r i o d ,  and f o u r  or f i v e  l a u n c h  windows p e r  
l u n a r  month f o r  t h e  1976-1978 p e r i o d .  A d d i t i o n a l  l a u n c h  windows 
a re  a v a i l a b l e  w i t h  optimum SW by d i s r e g a r d i n g  t h e  r a n g e  s a f e t y  
l i m i t ,  b u t  t h e  p a y l o a d  l o s s  becomes e x c e s s i v e  f o r  l a u n c h  a z i m u t h s  
g r e a t e r  t h a n  a b o u t  1 4 0  d e g r e e s .  The number o f  l a u n c h  windows 
c a n  a l s o  b e  i n c r e a s e d ,  at a s a c r i f i c e  i n  p a y l o a d ,  by t h e  u s e  
o f  non-optimum v a l u e s  o f  SW. 

A l a u n c h  window hav ing  a p p r e c i a b l e  d u r a t i o n  i s  ob- 
t a i n e d  by a l l o w i n g  t h e  s w e e p  a n g l e  SW ( a n d  t h e r e f o r e  SWl) t o  
d e v i a t e  f rom t h e  optimum v a l u e .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  4 ,  
which  i s  s i m i l a r  t o  F i g u r e  2 ,  e x c e p t  t h a t  t h e  change  i n  t i m e  i s  
small enough t h a t  t h e  d e c l i n a t i o n  o f  t h e  moon can  b e  assumed 
c o n s t a n t .  Dur ing  t h e  l aunch  window, t h e  r o t a t i o n  o f  t h e  e a r t h  
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moves t h e  l a u n c h  s i t e  a l o n g  a l i n e  o f  c o n s t a n t  l a t i t u d e .  The 
f i g u r e  shows f o u r  p o s i t i o n s  o f  t h e  r e v e r s e d  p o s i t i o n  v e c t o r  
which  c o r r e s p o n d  to f o u r  t i m e s  d u r i n g  t h e  l a u n c h  window. 

If SW1, 6 8 ,  and @ L  a r e  g i v e n ,  AL can  b e  c a l c u l a t e d  
b y  e q .  (2). Then C i s  g i v e n  by 

s i n  AL 
s i n  ( 9 0  + 6 8 )  

s i n  C = s i n  (SW1) 

S i n c e  t h e  e a r t h  r o t a t e s  o n e - f o u r t h  d e g r e e  p e r  m i n u t e ,  
C i s  r e l a t e d  t o  t h e  l a u n c h  t i m e  by t h e  f o r m u l a  

c = 6  I T  L ( 7 )  

where TL i s  r e f e r e n c e d  t o  t h e  t ime t h a t  

C e q u a l s  z e r o .  

A t a b u l a t i o n  o f  c o r r e s p o n d i n g  v a l u e s  of  SW1, AL, TL 
and 6 8  was o b t a i n e d  b y  s p e c i f y i n g  v a r i o u s  v a l u e s  of SW1 and 6 8 ,  
and c a l c u l a t i n g  AL by e q u a t i o n  (2) and TL b y  e q u a t i o n s  ( 6 )  and 
( 7 ) .  The r e s u l t s  are  g i v e n  i n  F i g u r e  5 .  The assumed optimum 
v a l u e  of  30° for SW1 has been i n d i c a t e d  on t h e  lower  s e t  o f  
c u r v e s .  The s l o p e  o f  t h e  l i n e a r  p o r t i o n  o f  these  c u r v e s  i s  s u c h  
t h a t  a one-hour l a u n c h  window r e q u i r e s  a change  i n  SW1 o f  a p p r o x i -  
m a t e l y  t h i r t e e n  d e g r e e s .  The s l o p e  becomes n e a r l y  z e r o  for 
smal l  v a l u e s  of  TL,  a f a v o r a b l e  c i r c u m s t a n c e  s i n c e  a n  a p p r e c i a b l e  
l a u n c h  window w i l l  r e q u i r e  l i t t l e  change i n  SW1. However, t h e  
l a u n c h  az imuth  as shown by t h e  uppe r  s e t  o f  c u r v e s  a p p r o a c h e s  
1 8 0 ° ,  and t h i s  w i l l  r e s u l t  i n  a n  e x c e s s i v e  p a y l o a d  p e n a l t y .  
( S e e  S e c t i o n  I V ) .  The l a u n c h  az imuth  which maximizes  t h e  pay- 
load i s  g o o ,  and b y  combining t h i s  w i t h  t h e  optimum v a l u e  o f  
SW1 ment ioned  e a r l i e r ,  one can conc lude  t h a t  t h e  v a l u e  of t h e  
l u n a r  d e c l i n a t i o n  which maximizes t h e  p a y l o a d  i s  a p p r o x i m a t e l y  
minus t w e n t y - f i v e  d e g r e e s .  T h i s  i s  b o r n e  o u t  b y  t h e  r e s u l t s  
o f  S e c t i o n  I V  where a method o f  implement ing  t h e  change i n  SW1 
w i l l  b e  d i s c u s s e d .  

111. POWERED FLIGHT, PARKING O R B I T  MODE 

The Bellcomm A p o l l o  S i m u l a t i o n  Program was u s e d  t o  
compute t h e  t r a j e c t o r y  of  t h e  f i r s t  p a r t  of a m i s s i o n  t o  t h e  
moon u s i n g  t h e  v e h i c l e  p a r a m e t e r s  f o r  AS-503 as d e f i n e d  i n  
R e f e r e n c e  ( 3 ) .  The e v e n t s  l i s t  c o n t a i n e d  i n  t h e  program was 
u s e d  and t h i s  r e s u l t e d  i n  t h e  s t a n d a r d  Apo l lo  t r a j e c t o r y  h a v i n g  
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a 1 0 0  n .  m i .  e a r th  p a r k i n g  o r b i t .  The pu rpose  of  t h i s  simu- 
l a t i o n  was t o  p r o v i d e  a r e f e r e n c e  a g a i n s t  which t o  compare t h e  
d i r e c t  a s c e n t  t r a j e c t o r i e s  d e s c r i b e d  i n  S e c t i o n  I V .  

A l a u n c h  az imuth  of 72  d e g r e e s  was used  and t h e  t ra -  
j e c t o r y  s h a p i n g  p a r a m e t e r s  were chosen  s o  t h a t  a'maximum p a y l o a d  
i s  o b t a i n e d  i n  t h e  p a r k i n g  o r b i t .  Af te r  a v a r i a b l e  number o f  
r e v o l u t i o n s  i n  t h e  p a r k i n g  o r b i t ,  t h e  t h r u s t  o f  t h e  S-IVB s t a g e  
i s  t u r n e d  on a second  t i m e ,  and c o n t i n u e s  u n t i l  a n  e n e r g y  o f  
-8 .05  x 1 0  f t  / s e c 2  i s  o b t a i n e d .  T h i s  ene rgy  c o r r e s p o n d s  t o  
a 72-hour f l i g h t  t i m e  t o  a mean earth-moon d i s t a n c e ;  i t  i s  a 
s t a n d a r d  c u t o f f  e n e r g y  f o r  l aunch  v e h i c l e  p a r a m e t r i c  s t u d i e s .  
V e n t i n g  o f  t h e  f u e l  t a n k s  i s  s i m u l a t e d  d u r i n g  t h e  p a r k i n g  o r b i t  
by s u b t r a c t i n g  1 ,060  pounds p e r  r e v o l u t i o n  from t h e  we igh t  o f  
t h e  v e h i c l e .  T h i s  v e n t i n g  r a t e  was o b t a i n e d  from R e f e r e n c e  ( 4 ) .  
The r e f e r e n c e  t r a j e c t o r y  was assumed t o  b e  one making t h r e e  
r e v o l u t i o n s  i n  t h e  p a r k i n g  o r b i t ,  w i t h  f u e l  p r o v i d e d  t o  make a 
p l a n e  change a t  i n j e c t i o n ,  t h u s  making p o s s i b l e  two i n j e c t i o n  
o p p o r t u n i t i e s  from t h e  p a r k i n g  o r b i t .  The c a l c u l a t e d  payloac! 
f o r  t h i s  s t r a t e g y  was 9 3 , 9 0 0  pounds .  I f  t h e  number o f  r e v o l u -  
t i o n s  i s  r educed  t o  one ,  w i t h  no  p l a n e  change c a p a b i l i t y ,  t h e  
p a y l o a d  r i s e s  t o  9 6 , 9 0 0  pounds.  De ta i l s  o f  t h e  computa t ion  of 
t hese  p a y l o a d s  a re  g i v e n  i n  Appendix 11. 

6 2  

I V .  POWERED FLIGHT, DIRECT ASCENT MODE 

The e v e n t s  l i s t  o f  t h e  Bellcomm Apol lo  S i m u l a t i o n  
Program was m o d i f i e d  s o  t h a t  t h e  S-I'VE3 burned  c o n t i n u o u s l y  u n t i l  
t h e  s t a n d a r d  ene rgy  u s e d  i n  S e c t i o n  I11 was a t t a i n e d .  
of S-IVB c u t o f f  was maximized by v a r y i n g  t h e  t r a j e c t o r y  s h a p i n g  
p a r a m e t e r s . *  A t y p i c a l  t r a j e c t o r y  i s  shown i n  F i g u r e  6.  Note 
t h a t  an  a l t i t u d e  of a p p r o x i m a t e l y  4 0 0 , 0 0 0  f e e t  i s  o b t a i n e d  365 
s e c o n d s  from l a u n c h  and t h i s  d i m i n i s h e s  t o  a minimum o f  268,000 
f e e t  755 seconds  from l a u n c h .  Thereaf te r  t h e  a l t i t u d e  i n c r e a s e s  
r a p i d l y ,  a t t a i n i n g  a v a l u e  of o v e r  600,000 f e e t  a t  S-IVB c u t o f f .  
F o r  a n i n e t y - d e g r e e  l a u n c h  az imuth ,  t h e  p a y l o a d  e q u a l l e d  1 0 1 , 1 0 0  
pounds .  

The we igh t  

*For  s i m u l a t i o n s  u s i n g  t h e  e a r t h  p a r k i n g  o r b i t  mode o r  
u s i n g  d i r e c t i o n  i n j e c t i o n ,  t h e  f i r s t  s t a g e  i s  c o n s t r a i n e d  t o  
f l y  a t  a z e r o  a n g l e  o f  a t t a c k ;  t h e  u p p e r  s t a g e s  f l y  t o  an 
optimum a n g l e  o f  a t t a c k .  The aerodynamic  h e a t i n g  i s  n o t  
c o n s t r a i n e d .  
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The f l i g h t  p a t h  a n g l e  a t  c u t o f f ,  B 7 ,  i s  r e l a t e d  to 
t h e  t r u e  anomaly '11 by t h e  e q u a t i o n  

e s i n  '11 
t a n  B y  = 

1 t e cos  n 1  

When e ,  t h e  e c c e n t r i c i t y  o f  t h e  t r a n s l u n a r  e l l i p s e ,  
i s  n e a r l y  e q u a l  t o  1, and f o r  small  v a l u e s  o f  B 7 ,  e q u a t i o n  ( 8 )  
can  be r e p l a c e d  by 

Thus t h e  13" s p r e a d  i n  '11 r e q u i r e d  f o r  a one-hour  
l a u n c h  window ( F i g u r e  5 )  can be a c h i e v e d  by a s p r e a d  i n  B~ o f  
a p p r o x i m a t e l y  6-1/2O. F i g u r e  7 shows the  r e s u l t s  o f  a s e r i e s  
o f  open l o o p  computer  r u n s  made by impos ing  t h e  c o n s t r a i n t  t h a t  
8 7  t a k e  on a s p r e a d  o f  v a l u e s  f rom two t o  t w e l v e  d e g r e e s .  From 
t h e  c u r v e ,  it can  b e  s e e n  t h a t  t h e  spi?ead of  6=1/2O I n  g 7  re -  
s u l t s  i n  a we igh t  p e n a l t y  of 2 ,000 pounds .  S m a l l e r  l a u n c h  
windows t h a n  one-hour  w i l l ,  o f  c o u r s e ,  r e s u l t  i n  s m a l l e r  we igh t  
p e n a l t i e s .  

The e f f e c t  o f  l aunch  a z i m u t h  was s t u d i e d  u s i n g  t h e  
same open l o o p  s i m u l a t i o n s  used  f o r  g e n e r a t i n g  t h e  d a t a  o f  
F i g u r e  7 .  The l a u n c h  az imuth  was v a r i e d  from 7 2  to 1 4 0  d e g r e e s ,  
and  t h e  r e s u l t s  a re  p l o t t e d  i n  F i g u r e  8 .  Maximum p a y l o a d  o c c u r s  
when AL = 9 0 " .  A 900-pound p e n a l t y  r e s u l t s  when AL i s  a l l o w e d  
t o  v a r y  from 72 t o  1 0 8 " .  The p e n a l t y  when AL i s  i n c r e a s e d  t o  
1 4 0  d e g r e e s  e q u a l s  a p p r o x i m a t e l y  6 , 0 0 0  pounds .  

F i g u r e s  3 and  5 t o  d e t e r m i n e  t h e  l a u n c h  window d u r a t i o n  f o r  
v a r i o u s  d a t e s  and p a y l o a d s .  A d a t e  and t h e  c o r r e s p o n d i n g  l u n a r  
d e c l i n a t i o n  i s  f i r s t  s e l e c t e d  from F i g u r e  3 .  The l u n a r  d e c l i -  
n a t i o n  i s  assumed t o  remain  c o n s t a n t  d u r i n g  t h e  l a u n c h  window, 
and  t h i s  r e s t r i c t s  t h e  c o n s i d e r a t i o n  o f  t h e  c u r v e s  o f  F i g u r e  5 
t o  a s i n g l e  c u r v e  f rom each  o f  t h e  two se t s  shown i n  t h e  f i g u r e .  
( I n t e r p o l a t e d  c u r v e s  w i l l  be r e q u i r e d  i f  t h e  v a l u e  o f  t h e  l u n a r  
d e c l i n a t i o n  d o e s  n o t  c o r r e s p o n d  t o  one o f  t h e  g i v e n  s e t . )  A 
segment  o f  t h e  l o w e r  c u r v e  i s  s e l e c t e d  and v a l u e s  o f  SW1 and TL 

a re  d e t e r m i n e d  f o r  e a c h  end o f  t h e  segmen t .  The uppe r  c u r v e  w i l l  
g i v e  t h e  two c o r r e s p o n d i n g  v a l u e s  o f  AL. The l a u n c h  window 
d u r a t i o n  i s  t h e  d i f f e r e n c e  between t h e  two T L ' s .  

F i g u r e s  7 and 8 can be  u s e d  i n  c o n j u n c t i o n  w i t h  

It i s  assumed 
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t h a t  t o t a l  p a y l o a d  l o s s  w i l l  b e  t h e  sum o f  t h e  l o s s e s  from non- 
optimum AL and SW1, as de te rmined  from F i g u r e s  7 and 8 .  The 
maximum l o s s  d u r i n g  t h e  launch  window s h o u l d  b e  a s s i g n e d  t o  t h e  
e n t i r e  i a u n c h  window. The b e s t  l a u n c h  window w i l l  b e  one which 
has t h e  same p a y l o a d  loss a t  t h e  b e g i n n i n g  a n d  a t  t h e  end  o f  
t h e  l a u n c h  window. 

F i g u r e  9 i s  a summary o f  a number o f  t h e s e  d e t e r m i -  
n a t i o n s .  Launch window d u r a t i o n  i s  p l o t t e d  a g a i n s t  l a u n c h  da te  
f o r  p a y l o a d s  e q u a l  t o  95,000,  97 ,000  and 99 ,000  pounds .  The 
c u r v e  f o r  t h e  l a t t e r  pay load  shows a l a u n c h  window o f  n e a r l y  
one h o u r  f o r  s e v e n  c o n s e c u t i v e  d a y s .  Two more d a y s  a r e  a v a i l a b l e  
w i t h  r e d u c e d  l a u n c h  window d u r a t i o n .  With a p a y l o a d  o f  95,000 
pounds ,  a l a u n c h  window d u r a t i o n  o f  n e a r l y  two h o u r s  can  b e  had 
f o r  s e v e n  c o n s e c u t i v e  d a y s ,  w i t h  f o u r  a d d i t i o n a l  days  a v a i l a b l e  
a t  a r e d u c e d  l a u n c h  window d u r a t i o n .  F o r  t h e s e  r e s u l t s  t h e  
l a u n c h  az imuth  was n o t  c o n s t r a i n e d  by t h e  r a n g e  s a f e t y  l i m i t s .  

V.  INTEGRATED FREE-RETURN SIMULATIONS 

The t h e o r e t i c a l  c o n s i d e r a t i o n s  d i s c u s s e d  i n  S e c t i o n  I1 
were i n c o r p o r a t e d  i n  t h e  Bellcomm Apol lo  S i m u l a t i o n  Program, 
making p o s s i b l e  t h e  computa t ion  of  d i r e c t  a s c e n t  t r a j e c t o r i - e s  
f o r  an  e n t i r e  f r e e - r e t u r n  l u n a r  m i s s i o n .  The AS-503 v e h i c l e  
p a r a m e t e r s  were u s e d  as b e f o r e .  The r e s u l t s  can  b e  e x p e c t e d  t o  
d i f f e r  somewhat f rom t h e  r e s u l t s  of  S e c t i o n  I V  b e c a u s e  t h e  p o s i t i o n  
o f  t h e  irloon r e l a t i v e  t o  t h e  e a r t h  i s  d e t e r m i n e d  a c c u r a t e l y ,  and  
t h e  reqLiired t r a n s l u n a r  ene rgy  can  be  computed i n s t e a d  o f  b e i n g  
assumed,  as b e f o r e .  I n  a d d i t i o n ,  no f l i g h t  geometry  r e s e r v e s  
are needed .  ( S e e  Appendix 11, E-3)  

I n  t h e  f i r s t  s e r i e s  o f  computer  r u n s ,  f u l l y  o p t i m i z e d  
t r a j e c t o r i e s  were f lown .  Ten s i m u l a t i o n s  were made f o r  t e n  
s u c c e s s i v e  d a y s  c e n t e r e d  a round  September  9 ,  1967,  and t h e  
r e s u l t s  a r e  summarized i n  F i g u r e  10 .  (The p a y l o a d  f i g u r e s  shown 
a re  t h e  maximum f o r  t h e  i n d i c a t e d  da t e s ,  and  c o r r e s p o n d  t o  a 
v a n i s h i n g l y  small l a u n c h  window.) The v a r i a t i o n  i n  p a y l o a d  
w i t h  da te  i s  c a u s e d  by t h e  v a r i a t i o n  i n  l a u n c h  a z i m u t h ,  which 
r a n g e d  from 8 1  t o  1 2 2  d e g r e e s .  T h e r e  a r e  two maxima i n  F i g u r e  9 
b e c a u s e  t h e r e  are  two dates (Sep tember  7 and September  11) when 
t h e  l a u n c h  az imuth  i s  n e a r l y  90 d e g r e e s .  T h i s  w i l l  maximize t h e  
p a y l o a d ,  as shown i n  F i g u r e  8 .  The s l i g h t  d i f f e r e n c e  i n  p a y l o a d  
f o r  t h e  two p e a k s  i s  c a u s e d  by t h e  f a c t  t h a t  t h e  program makes 
u s e  o f  a c t u a l  l u n a r  d a t a  which would n o t  be  q u i t e  t h e  same f o r  
t h e  two da t e s .  The l a u n c h  az imuth  f o r  s e v e n  o f  t h e  t e n  simu- 
l a t i o n s  f e l l  w i t h i n  t h e  r ange  of  81-101 d e g r e e s ,  and  t h e  pay- 
l o a d  h a s  a s p r e a d  o f  o n l y  300 pounds.  For t h e  r e m a i n i n g  t h r e e  
d a t e s ,  t h e  p a y l o a d  d r o p s  s h a r p l y ,  as shown i n  t h e  f i g u r e .  The 
maximum p a y l o a d  was a p p r o x i m a t e l y  550 pounds g r e a t e r  t h a n  t h a t  
o b t a i n e d  i n  S e c t i o n  I V .  
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A number of  f r e e - r e t u r n  s i m u l a t i o n s  were a l s o  made 
f o r  t h e  p u r p o s e  of s t u d y i n g  t h e  l a u n c h  window f o r  September  7 ,  
1967.  Non-optimum t r a j e c t o r i e s ,  h a v i n g  a s p r e a d  o f  v a l u e s  o f  
67, were u s e d  and t h e  r e s u l t s  are  g i v e n  i n  F i g u r e  11. A s  i n d i -  

c a t e d  i n  t h e  f i g u r e ,  a one-hour l a u n c h  window r e q u i r e s  a 1 , 8 0 0  
pound p a y l o a d  p e n a l t j .  T h i s  agrees f a i r l y  w e l l  w i t h  t h e  2 , 0 0 0  
pounds f o r  t h e  same l e n g t h  l a u n c h  window computed w i t h  t h e  ap- 
p r o x i m a t e  a n a l y s i s  ( s e e  F i g u r e  7 ) .  A f i f t e e n - m i n u t e  l a u n c h  window 
has a 150-pound p e n a l t y  as shown. The p e n a l t i e s  of F i g u r e  11 are  
e x a c t  o n l y  for September  7 ,  1967.  However, F i g u r e s  10 and 11 can  
b e  combined w i t h  good a c c u r a c y  t o  i l l u s t r a t e  p a y l o a d  as a f u n c t i o n  
o f  l a u n c h  date  and l a u n c h  window d u r a t i o n  d u r i n g  t h e  t i m e  p e r i o d  
c o v e r e d  by F i g u r e  1 0 .  

V I .  CONCLUSIONS 

Simple  g e o m e t r i c a l  c o n s i d e r a t i o n s  show t h a t  t h e r e  w i l l  
b e  e i g h t  or n i n e  l a u n c h  windows p e r  l u n a r  month f o r  t h e  1967-69  
p e r i o d  i f  t h e  r a n g e  s a f e t y  r e s t r i c t i o n s  on t h e  l a u n c h  a z i m u t h  
are  s a t i s f i e d ,  and i f  t h e  p o w e r e d - f l i g h t  p r o f i l e  i s  s u c h  t h a t  
t h e  t o t a l  sweep a n g l e  (SW) i s  optimum. There  w i l l  b e  f o u r  or 
f i v e  l a u n c h  windows p e r  l u n a r  month f o r  t h e  1976-78 p e r i o d  sub-  
j e c t  t o  t h e  same r e s t r i c t i o n s .  A d d i t i o n a l  l a u n c h  windows are 
a v a i l a b l e  a t  r e d u c e d  p a y l o a d s  by a l l o w i n g  t h e  l a u n c h  a z i m u t h  t o  
become l a r g e r  t h a n  t h e  uppe r  r a n g e  s a f e t y  l i m i t  o f  108O, or by 
u s i n g  p o w e r e d - f l i g h t  p r o f i l e s  which r e s u l t  i n  non-optimum sweep 
a n g l e s .  

The r e s u l t s  o f  i n t e g r a t e d  t r a j e c t o r i e s  show a pay- 
l o a d  c a p a b i l i t y  f o r  v a r i o u s  s t r a t e g i e s  as g i v e n  i n  t h e  t a b l e  
be low.  For compar ison ,  n o t e  t h a t  t h e  ear th  p a r k i n g  o r b i t  
s t r a t e g y  has two l a u n c h  windows p e r  d a y ,  e a c h  h a v i n g  a d u r a t i o n  
of a p p r o x i m a t e l y  f o u r  h o u r s .  

Pay load  

1. E a r t h  p a r k i n g  o r b i t ,  93 ,900  l b s .  
7 2 O  l a u n c h  az imuth ,  
3 r e v o l u t i o n s  i n  
p a r k i n g  o r b i t ,  p l a n e  
change a t  i n j e c t i o n .  

2 .  E a r t h  p a r k i n g  o r b i t ,  96 ,900  
7 2 O  l a u n c h  az imuth ,  
1 r e v o l u t i o n  i n  
p a r k i n g  o r b i t ,  no  
p l a n e  change a t  
i n j e c t  i o n .  

I n c r e a s e  Over 1 

3 ,000  lbs. 
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Pav load  

3. D i r e c t  a s c e n t  mode, 9 5 , 0 0 0  
2 hr. l a u n c h  window 
d u r a t i o n  f o r  7 days  
p e r  month,  r e d u c e d  
l a u n c h  window d u r a t i o n  
f o r  4 a d d i t i o n a l  days .  
(Launch az imuth  may  
exceed  108". ) 

4. D i r e c t  a s c e n t  mode, 99,000 
1 hr. l a u n c h  window 
d u r a t i o n  f o r  7 days 
p e r  month,  r educed  
l a u n c h  window f o r  
2 a d d i t i o n a l  d a y s .  
(Launch az imuth  may 
exceed  108". ) 

5.  D i r e c t  a s c e n t  mode, 1 0 0 , 7 0 0  
15-minute  l a u n c h  
window d u r a t i o n  f o r  
7 d a y s  p e r  month.  

6 .  D i r e c t  a s c e n t  mode, 1 0 1 , 1 0 0  
5-minute l a u n c h  win- 
dow d u r a t i o n  f o r  2 
d a y s  p e r  month.  

2 013-LPG-srb wcs 77??& 
L. P.  Gieseler  

I n c r e a s e  Over 1 

1,100 

5,100 

6,800 

7,200 

At tachmen t s  
R e f e r e n c e s  
Appendixes  1,II & I11 
F i g u r e s  1-11 
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APPENDIX I 

LIST OF SYMBOLS 

Launch a z i m u t h  

E c c e n t r i c i t y  o f  t r a n s l u n a r  o r b i t  

Sweep a n g l e  o f  powered f l i g h t  

P e r i o d  of o r b i t a l  mot ion  o f  moon, 2 7 . 3 2  days  

P o s i t i o n  v e c t o r  o f  l a u n c h  s i t e  

P o s i t i o n  v e c t o r  o f  moon a t  a r r i v a l  of  s p a c e c r a f t  

T o t a l  sweep a n g l e  from l a u n c h  t o  a r r i v a l  a t  t h e  moon 

sw - 1800 
T i m e  from s o u t h e r n  l u n s t i c e ,  days  

F l i g h t  p a t h  a n g l e  a t  S-IVB c u t o f f ,  deg .  

Maximum d e c l i n a t i o n  o f  moon d u r i n g  t h e  month 

D e c l i n a t i o n  o f  t h e  moon a t  a r r i v a l  

Launch t i m e  i n  m i n u t e s ,  measured from t h e  i n s t a n t  t h a t  
Angle C o f  F i g u r e s  2 and  4 e q u a l s  z e r o  

True  anomaly of  S-IVB c u t o f f  p o i n t  

True  anomaly of t h e  p o s i t i o n  v e c t o r  o f  t h e  moon 

L a t i t u d e  of l a u n c h  s i t e  ( 2 8 . 6 5 O )  

Time between l aunch  o p p o r t u n i t i e s ,  d a y s  

F i r s t  s t a g e  k i c k  a n g l e  (deg.)  

Second s t a g e  k i c k  a n g l e  ( d e g . )  

Second and t h i r d  stage t u r n i n g  rates 

T r a j e c t o r y  
Shap ing  
Parameters 
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APPENDIX I1 

CALCULATION OF PAYLOADS 

A.  DEFINITION OF SYMBOLS 

= Weight o f  v e h i c l e  a t  S-IVB c u t o f f .  T h i s  q u a n t i t y  
i s  d e t e r m i n e d  b y  t h e  computer  s i m u l a t i o n s  d e s c r i b e d  
i n  S e c t i o n s  111, I V ,  and  V. 

w C O  

= Pay load  f o r  t h e  nominal  m i s s i o n ,  assumed t o  e q u a l  
9 5 , 0 0 0  i b s .  'n 

= Weight change when t h e  S-IVB i s  j e t t i s o n e d ,  t h a t  
i s ,  t h e  weight  o f  empty S-IVB p l u s  t h e  i n s t r u m e n t  
u n i t  p l u s  t h e  f u e l  r e s e r v e s .  

'e 

B.  CALCULATION OF PAYLOAD P 

L e t  AF b e  t h e  weight  o f  t he  u s u a b l e  f u e l  r e m a i n i n g  
i n  t h e  t a n k s  o f  t h e  S-IVB. Then 

For a f i r s t  a p p r o x i m a t i o n  t h e  pay load  c o u l d  be  i n -  
c r e a s e d  by AF and t h e  f u e l  d e c r e a s e s  by AF. The v e h i c l e  
w i l l  t h e n  have  t h e  same we igh t  h i s t o r y  as b e f o r e  d u r i n g  
t h e  f l i g h t  and t h e  same t r a j e c t o r y  w i l l  be  f lown .  The re  
w i l l  be  no u s a b l e  f u e l  r e m a i n i n g  a t  S-IVB c u t o f f .  How- 
e v e r ,  t h e  f u e l  t a n k s  of  t h e  S-IVB w i l l  n o t  b e  c o m p l e t e l y  
f u l l  a t  l i f t - o f f .  To take  f u l l  a d v a n t a g e  o f  t h e  v e h i c l e  
c a p a b i l i t i e s ,  t h e  f u e l  t a n k s  s h o u l d  be f i l l e d .  T h i s  
r e s u l t s  i n  a l i f t - o f f  we igh t  which i s  g r e a t e r  t h a n  b e f o r e  
by AF pounds.  Computer s i m u l a t i o n s  have  shown t h a t  t h e  
l i f t - o f f  we igh t  ( a n d  hence t h e  p a y l o a d )  s h o u l d  be  i n c r e a s e d  
by a p p r o x i m a t e l y  1.1 AF t o  r e d u c e  t h e  u s a b l e  f u e l  a t  c u t o f f  
t o  z e r o .  Then 

P = Pn + 1.1 AF 
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i' . EA.Er ' I :  P A R K I N G  O R B I T  MODE , THREE REVOLUTIONS 

1. C a l c u l a t i o n  o f  W e  !See R e f e r e n c e  4 ,  Page 28 )  

Emnty S-TVB staqe 26 ,400  pounds 

I n s t r7 ume n t Un i t 4,100 

F l i g h t  Per formance  R e s e r v e s  2 ,838  

F l i S h t  Geometry R e s e r v e s  2 ,453 

= 3 5 , 7 9 1  pounds  'e 

i. 3 C a l c u l a t i o n  o f  P 

The s i m u l a t i o n  d e s c r i b e d  i n  S e c t i o n  I11 g a v e  

= 129,800 pounds.  Then AF = 129 ,800  - c 0 

130 ,791  = - 9 9 1  pounds.  F i n a l l y  P = 95,000 + 1.1 

aF = 93,900 pounds .  

5. EA3Tri P A R K I N G  O R B I T  MODE- ONE REVOLUTION 

1. C a l c u l a t i o n  o f  We 

E m p t v  S-IVB s t a g e  26 ,400  
I n s t r u m e n t  U n i t  4 ,100  

F l i g h t  Pe r fo rmance  R e s e r v e s  2 ,838  

we = 34,092 
F l i g h t  Geometry Rese rves  754* 

* 
The nominal  assumed f i g u r e  o f  2 ,453  l b s .  c o r r e s p o n d s  t o  

a AV of 180 fps for p l a n e  change ,  and  80  f p s  f o r  v a r i a t i o n s  i n  
t h e  r e q L i r e d  t r a n s l u n a r  e n e r g y .  S i n c e  t h e  p l a n e  change  i s  n o t  
r e a u i r e i ,  t h e  f l i q h t  geometry r e s e r v e s  become 

2 ,453  x 260 80 = 754 pounds  
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2 .  C a l c u l a t i o n  o f  AF and P .  

The s i m u l a t i o n  for one  p a r k i n g  o r b i t  d e s c r i b e d  i n  
S e c t i o n  111 gave  W = 130,800 pounds .  Then AF = W - 

co  co 
34,092 - 9 5 , 0 0 0  = 1 , 7 0 8  pounds .  F i n a l l y  P = 95,000 + 
1 , 7 0 8  x 1.1 2 96 ,900  pounds.  

E .  DIRECT ASCENT MODE 

1. C a l c u l a t i o n  o f  We 

7 6  hnn 

I n s  t rumen t Uni t  4 ,100 

F l i g h t  Per formance  R e s e r v e s  2 ,838  
F l i g h t  Geometry Rese rves  754* 
Fue 1 S t  r a t  i f  i c a t  i o n  1 , 3 5 0  

L " ,  I " "  
P r n n t ~ r  C - I T i B  s tage  r Y J  -1.. 

( R e f e r e n c e  2 ,  Page 6:) 

W e  = 3 5 , 4 4 2  pounds 

2 .  C a l c u l a t i o n  o f  AF and P f o r  t h e  r e s u l t s  o f  S e c t i o n  I V .  

The s i m u l a t i o n  gave W = 135,972 pounds .  Then 
AF = W c o  - 3 5 , 4 4 2  - 95,000 = 5,530 pounds .  

F i n a l l y  P = 95,000 + 5,530 x 1.1 E 1 0 1 , 1 0 0  

co 

3.  R e l a t i o n  between P and W f o r  t h e  r e s u l t s  o f  S e c t i o n  V .  co  

F o r  t h e s e  s i m u l a t i o n s  t h e  e x a c t  l a u n c h  date i s  
assumed t o  be  known. The r e q u i r e d  t r a n s l u n a r  e n e r g y  c a n  
be  c a l c u l a t e d  i n  advance and no f l i g h t  geometry  r e s e r v e s  
a re  r e q u i r e d .  
f o r  c o n v e r t i n g  W t o  P becomes 

Then We = 34,688 pounds and  t h e  f o r m u l a  

c o  
P = 95 ,000  + 1.1 (Wco - 34,688 - 95,000) 

v 
a A V  of  180 f p s  f o r  p l a n e  change ,  and 80 f p s  f o r  v a r i a t i o n s  i n  
t h e  r e q u i r e d  k r a n s l u n a r  energy .  S i n c e  t h e  p l a n e  change  i s  n o t  
r e q u i r e d ,  t h e  f l i g h t  geometry r e s e r v e s  become 

The nomina l  assumed f i g u r e  o f  2 ,453  l b s .  c o r r e s p o n d s  t o  

2 ,453  260 8o  = 754 pounds .  
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APPENDIX I11 

MATHEMATICAL FORMULAS AND TECHNIQUES 

A .  CHANGES TO SUBROUTINE HITMSI 

InDut  s 

GME - g r a v i t a t i o n a l  c o n s t a n t  o f  the  ea r th .  

ERG7P - i n j e c t i o n  e n e r g y .  

XLMMSP, PHIMSP - l o n g i t u d e  and l a t i t u d e  o f  p i e r c i n g  
p o i n t  on MSI. 

REO - s p a c e c r a f t  d i s t a n c e  from c e n t e r  o f  e a r t h  a t  
S-IVB C u t o f f .  

B 7  - f l i g h t  p a t h  a n g l e  a t  S-IVB c u t o f f .  

X L ,  $L - l o n g i t u d e  and l a t i t u d e  o f  l a u n c h  pad .  

t f  - e a r l i e s t  t i m e  f o r  b e g i n n i n g  of m i s s i o n .  

Q - r o t a t i o n a l  r a t e  o f  t h e  e a r t h .  

t P F  - t i m e  r e q u i r e d  f o r  powered f l i g h t .  

PFL - powered f l i g h t  a r c .  

o u t p u t s  

ALP - l a u n c h  az imuth  f o r  p a t c h e d  c o n i c .  

tL  - l a u n c h  t i m e  f o r  p a t c h e d  c o n i c  (DATLP, TIMELP).  

W 8 P X  - s p a c e c r a f t  s e l e n o c e n t r i c  v e l o c i t y  a t  MSI. 
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Formulae 

GME 
REO VE7P = d2(ERG7P + -) = v e l o c i t y  a t  S-IVB c u t o f f  

I-* S t a t e m e n t  2000 

RE8PX, t h e  earth-moon a i m  v e c t o r  i s  computed as 
b e f o r e  from XLMMSP, PHIMSP, and t h e  p o s i t i o n  o f  
t h e  moon a t  a n  e s t i m a t e d  t i m e  o f  a r r i v a l .  

.d 

k j = :;;:nation o f  c, RE8PX ( 3 ) 

u 0 &E8PX(1)2 + RE8PX(2)2 
a DCLPP = tan-’ ( 
H 

a = -  GME 
2 ERG7P 

2 REO. ERG7P + [ GME p = 2 C O S  ( B 7 )  * RED- 

e REO o1 = s i n  

-1 1 
q2 e = cos  - 

sw1 = TI2 - TI1 - 180 t PFL 
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I .  

- s i n  (DCLPP) - s i n  ((IL) c o s  (SW1) 
c o s  hL) s i n  (SW1) ALP = c o s  

s i n  (ALP) s i n  (sw1) = angle shown in 
F i g u r e  2 and  4. cos (DCLPP) C = s i n  

RAL = RA8 - C - 180°  = r i g h t  a s c e n s i o n  o f  l a u n c h  
v e c t o r .  

= l a u n c h  t i m e  
RAL - X L  - GHA (t,) 

n tL = tF + 

1 . 5  a 
GME' 

DT8 = (E2 - El - e ( s i n  E2 - s i n  El) 

= t i m e  i n  e l l i p t i c  o r b i t .  

where E2 and El are  t h e  e c c e n t r i c  anomal i e s  c o r r e -  
spond ing  t o  T-I* and nl. 

TIM8P = tL + DT8 = tpF = a r r i v a l  da te  and t i m e .  

If TIM8P d o e s  not a g r e e  w i t h  t h e  e s t i m a t e d  t i m e  o f  
a r r i v a l  w i t h i n  t h e  s p e c i f i e d  t o l e r a n c e ,  t h e  above  
c a l c u l a t i o n s  a r e  r e p e a t e d ,  b e g i n n i n g  w i t h  s t a t e -  
ment 2 0 0 0 .  

m, t h e  p o s i t i o n  v e c t o r  o f  t h e  l a u n c h  s i t e  i s  
computed f rom RAL and (IL. 
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= u n i t  normal  t o  o r b i t  p l a n e  RE8PX x.RE1PX 
H7PX = IREUPXI IRElPXl  

'8 = tan- '  ( 2 ) = f?l&ht p a t h  a n g l e  a t  
e s i n  rl  

1 + e c o s  n2 

VE8PX = $ (ERG,, + RE px ) = s c a l a r  v e l o c i t y  a t  MSI. 

1 r o t a t e d  abou t  H X  by 
( 9 0 - 8 8 )  d e g r e e s  

EBZ = ~m - vEZ = s e l e n o c e n t r i c  v e c t o r  v e l o c i t y  
a t  MSI. (VEMX i s  t h e  i n e r t i a l  
v e l o c i t y  o f  t h e  moon).  

B. CHANGES TO SUBROUTINE TRJSEL 

a. Imaging v a r i a b l e s .  I n  t h e  o r i g i n a l  f o r m u l a t i o n  o f  
BCMASP one of t h e  imaging v a r i a b l e s  was DF6, t h e  
t ime t h a t  t h e  s p a c e c r a f t  s p e n d s  i n  t h e  e a r t h  p a r k -  
i n g  o r b i t .  F o r  t h e  d i r e c t  a s c e n t  c a s e  t h e r e  i s  no 
p a r k i n g  o r b i t  and t h e  l a u n c h  az imuth  i s  used  f o r  
a n  imaging  v a r i a b l e .  The f o l l o w i n g  changes  were 
made : 

DF6 i s  r e p l a c e d  by  AL = l a u n c h  az imuth  
DF6PR i s  r e p l a c e d  by ALPR = r e f e r e n c e  l a u n c h  a z i m u t h  
DFBIAS i s  r e p l a c e d  by ALBIAS = l a u n c h  a z i m u t h  b i a s  

b .  Pa tched  Conic V a r i a b l e s .  A s  i n d i c a t e d  i n  s e c t i o n  1 
of A p p e n d i x I I I ,  B 7 ,  R E O ,  tpF and PFL a re  i n p u t s  t o  
HITMSI. These  q u a n t i t i e s  r ema in  c o n s t a n t  d u r i n g  t h e  
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C .  

imaging  p r o c e s s .  However t h e y  s h o u l d  b e  r e a s o n a b l y  
c l o s e  t o  t h e  same q u a n t i t i e s  computed by t h e  
p o w e r e d - f l i g h t  s i m u l a t o r ,  o t h e r w i s e  t h e  p a t c h e d -  
c o n i c  t r a j e c t o r y  w i l l  d i f f e r  t o o  much from t h e  
i n t e g r a t e d  t r a j e c t o r y .  T h i s  problem i s  s o l v e d  i n  
TRJSEL by t h e  f o l l o w i n g  sequence :  

1. Read i n  approx ima te  v a l u e s  of  B R E O ,  tpF 
and PFL. 

2 .  Ca l l  ANLSIS. T h i s  c a l l s  HITMSI and CNSTRN 
i t e r a t i v e l y ,  and  v a l u e s  of ALP, DATEL, and  TIMEL 
are rnmputed which y i e l d  a p a t c h e d - c o n i c  f r e e  
r e t u r n  t r a j e c t o r y .  

7 ’  

3 .  Using t h e s e  q u a n t i t i e s  t h e  powered f l i g h t  
s i m u l a t o r  i s  u s e d  t o  compute improved v a l u e s  o f  

REO,  tpF and PFL. B7 

4 .  Begin  imag ing .  

T r a j e c t o r y  Shaping .  When BCMASP i s  u s e d  t o  
g e n e r a t e  t r a j e c t o r i e s  of  d i f f e r e n t  l a u n c h  da tes  
a c o n s i d e r a b l e  s p r e a d  o f  v a l u e s  of  AL r e s u l t s .  
To e a c h  v a l u e  o f  AL optimum v a l u e s  o f  el, 
and 6 ,  e x i s t .  S u b r o u t i n g  LOKUP5 c o n t a i n s  a 
t a b l e  of t h e s e  o p t i m i z e d  v a l u e s  f o r  v a r i o u s  
v a l u e s  o f  AL. (The e n t r i e s  i n  t h e  t a b l e  had 
been  p r e v i o u s l y  de t e rmined  by making open l o o p  
r u n s ) .  A t a b l e  lookup i s  u s e d  t o  d e t e r m i n e  t h e  
r e a - u i r e d  q u a n t i t i e s  f o r  v a l u e s  o f  AL between t h e  
t a b u l a r  e n t r i e s .  

e * ,  

For g e n e r a t i n g  t r a j e c t o r i e s  d u r i n g  t h e  l a u n c h  
window on a s p e c i f i c  da te  it i s  assumed t h a t  . 
el, 02, and d, can be  h e l d  c o n s t a n t  d u r i n g  t h e  
computer  s e a r c h  f o r  a f r e e  r e t u r n  t r a j e c t o r y .  
The t a b l e  lookup i n s t r u c t i o n  i s  bypassed  b y  
s e t t i n g  ILOKUP e q u a l  t o  1, and i n p v t t i n g  
a p p r o p r i a t e  v a l u e s  o f  el, e2, and e2 by means 
o f  t h e  d a t a  d e c k .  
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